Sympathetic denervation typically occurs in the infarcted myocardium and is associated with sudden cardiac death. Impaired innervation was also demonstrated in non-infarcted myocardium in ischaemic and dilated cardiomyopathy (ICMP and DCMP). Factors affecting sympathetic nerve integrity in remote myocardium are unknown. Perfusion abnormalities, even in the absence of epicardial coronary artery disease, may relate to sympathetic dysfunction. This study was aimed to assess the interrelations of myocardial blood flow (MBF), contractile function, and sympathetic innervation in non-infarcted remote myocardium.
Introduction
Impaired cardiac sympathetic innervation in cardiomyopathy is associated with progression of heart failure and increased mortality. 1 Furthermore, it was recently demonstrated that the total denervation size as assessed with [ 11 C]Hydroxyephedrine positron emission tomography ([ 11 C]HED PET) predicts sudden cardiac death in patients with ischaemic cardiomyopathy (ICMP). 2 Sympathetic denervation typically results from myocardial infarction (MI) and often exceeds infarct size as myocardial nerves are more susceptible to ischaemia than myocardium itself. 2 -6 Indeed, patients with chronic multivessel coronary artery disease (CAD) but without MI demonstrate ischaemia-induced regional areas of denervation as well. 7, 8 As most studies have focused on denervation in infarcted or ischaemic areas, sympathetic innervation of non-infarcted remote myocardium has not been studied extensively. Nonetheless, the integrity of the innervation system in remote myocardium may provide important prognostic information and is related to cardiac remodelling. 9 -11 In addition, these observations are not precluded to patients with ICMP but can similarly be observed in patients with dilated cardiomyopathy (DCMP). 12, 13 It has been suggested that heterogeneity of sympathetic innervation may serve as an arrhythmic substrate preceding sudden cardiac death. 14, 15 It is therefore of interest to gain more insight into factors influencing sympathetic nerve integrity in remote non-infarcted myocardium. Perfusion abnormalities, even in the absence of obstructive epicardial CAD, may play a role as a causal agent of sympathetic dysfunction. In fact, impaired perfusion has also been linked to an unfavourable prognosis in both ICMP and DCMP. 16 -18 The aim of the present study was therefore to explore the interrelations between myocardial perfusion, contractile function, and sympathetic innervation in noninfarcted remote myocardium in patients with ICMP and DCMP.
Methods

Study population
Patients with ICMP (n ¼ 52) and DCMP (n ¼ 18) with left ventricular ejection fraction (LVEF) ≤35% were prospectively included. Patients with a cardiac rhythm other than sinus rhythm were excluded. None of the patients displayed ischaemia or viability amenable to (further) revascularization at time of inclusion in the current study. All patients underwent [ hyperaemic MBF, and cardiac sympathetic innervation. Furthermore, late gadolinium-enhanced cardiovascular magnetic resonance imaging (LGE-CMR) was performed. The study was approved by the Ethics Committee of the VU University Medical Center, in accordance with the Declaration of Helsinki, and written informed consent was obtained from all patients.
CMR image acquisition
CMR studies were performed as described previously. 19 In short, a clinical 1.5-T MRI scanner was used with a dedicated phased-array body coil. After survey scans, cine imaging was performed using a retrospectively ECG-gated, steady-state free precession sequence during breath holds in mild expiration. Standard four-, three-, and two-chamber orientations were obtained, and subsequently, a stack of 10 -12 consecutive shortaxis slices was acquired, fully covering the left ventricle. Approximately 10 -15 min after administration of 0.2 mmol kg 21 gadolinium, LGE images were acquired in similar orientations as the cine images, using a two-dimensional segmented inversion-recovery prepared gradient echo sequence. In case of difficulties with breath holding during LGE imaging, a single-shot sequence was used instead of a segmented sequence.
CMR image analysis
Images were analysed using dedicated software packages MASS (Mass v.5.1 2010-EXP beta, Medis, Leiden, the Netherlands) and QMass (QMass v.7.5, Medis). Volumes, mass, and function were calculated on the end-diastolic and end-systolic phases of the cine images. In addition, regional wall thickening was calculated as the percentage increase in wall thickness during the systole. Infarct size was calculated on LGE images by using the full-width-at-half-maximum method. 20 All segmental analyses were quantified according to the 17-segment American Heart Association model, 21 excluding the apex. Using segmental LGE results, myocardial remote segments without scar were selected. Regional LV function in non-infarcted myocardium was calculated as the mean LV wall thickening in myocardial remote segments.
PET protocol and image acquisition
All PET studies were performed using a PET/CT device (Philips Gemini TF 64, Philips Healthcare, Best, The Netherlands). Patients were instructed to refrain from intake of products containing caffeine or xanthine 24 h prior to the scan. All patients received a radial artery catheter for arterial blood sampling during the ). Adenosine infusion was started 2 min prior to the start of the dynamic stress scan and was terminated after the low-dose CT. Dynamic images were reconstructed into 22 frames 
PET image analysis
PET image analysis was performed using in-house developed software. LGE-CMR image analysis (excluding the apex). In case no enhancement was present in patients with DCMP, global myocardium was considered the remote area.
Statistical analysis
Continuous data are presented as means with standard deviations (SD), whereas categorical data are expressed as frequencies with percentages. Medians with inter-quartile range (IQR) were presented for nonparametric data. Histograms were used to evaluate whether continuous data were normally distributed. Patient groups were compared using unpaired Student's t-tests for continuous data and x 2 tests for categorical data. Levene's test was used to verify whether the equal variances assumption of the unpaired Student's t-test was appropriate. In addition, non-parametric Mann-Whitney U test was used when appropriate. For comparisons of paired continuous data, paired samples t-test was applied.
The association between two continuous variables was analysed using the Pearson's correlation coefficient. To assess the association of all demographic and imaging variables with [ 11 C]HED RI in remote myocardium, univariate linear regression analyses were performed. Furthermore, a multivariable linear regression analysis was performed using a backward selection procedure including all variables that were associated with [ 11 C]HED RI in remote myocardium in univariate analysis (with P-value ,0.1). LVEDV and LVESV were analysed in separate models due to the interdependency (Model 1 and Model 2, respectively). Furthermore, as preserved innervation may result in preserved regional wall thickening, a third multivariable analysis was performed excluding remote wall thickening and LVESV (Model 3). All tests were performed two-sided and were considered statistically significant if P-value ,0.05. All statistical analyses were performed using SPSS software package (SPSS 20.0, IBM Corporation, Chicago, IL, USA).
Results
Study population
A total of 70 patients were included in this study. Clinical baseline characteristics are presented in Table 1 . Fifty-two (74%) patients suffered from ICMP, whereas 18 (26%) patients were classified as DCMP. Patients with ICMP were more likely to be male (89 vs. 61%, P ¼ 0.03) and more frequently use statins (90 vs. 39%, P , 0.001). Figure 1 shows examples of PET and CMR imaging in two ICMP patients. Denervation is associated with microvascular dysfunction adenosine-induced hyperaemia, heart rate and rate-pressure product increased significantly compared with baseline, whereas no significant change in both diastolic and systolic blood pressures was observed. These results did not differ significantly between patients with ICMP and DCMP, although a trend was observed towards a higher heart rate during hyperaemia in DCMP patients (P ¼ 0.09).
PET
PET imaging results in remote myocardium are summarized in Table 3 and Figure 3 (P ¼ 0.83). Table 4 presents LGE-CMR imaging results. Regional LV wall thickening in non-infarcted area was higher in ICMP patients compared with DCMP patients (P , 0.001), although LVEF did not differ. In addition, patients with DCMP showed lower wall thickness of remote myocardium in both end-diastolic and end-systolic phase compared with patients with ICMP (P ¼ 0.02 and P , 0.001, respectively patients with ICMP displayed enhancement at LGE-CMR with a median scar size of 14.7% (IQR 7.9-19.6%), whereas 8 of 18 (44%) patients with DCMP showed enhancement (median 0%, IQR 0-3.6%) (P , 0.001). Consequently, the number of non-infarcted remote segments was lower in patients with ICMP compared with DCMP (5.0, IQR 4.0 -7.0 vs. 17.0, IQR 5.8 -17.0, respectively, P , 0.001).
CMR
Interrelations of PET and CMR variables
Scatter plots demonstrating the association between MBF and [ 11 C]HED RI in remote myocardium are presented in Figure 4 . Comparable significant correlations were obtained in ICMP and DCMP patients. In addition, a poor correlation was observed between LV mass and [ 11 C]HED RI in patients with ICMP but not in patients with DCMP. With regard to LVEF, however, no correlation was found in ICMP and DCMP patients specifically although for the total study population a positive correlation was observed (r ¼ 0.27, P ¼ 0.02). Conversely, regional LV function in remote myocardium as assessed with wall thickening was significantly related to remote innervation in patients with ICMP (r ¼ 0.54, P , 0.001), but no significance was reached in DCMP patients (r ¼ 0.40, P ¼ 0.10) ( Figure 6 ). 
Predictors for sympathetic innervation
Discussion
The current study was conducted to investigate the interrelations between myocardial perfusion, sympathetic innervation, and contractile function in non-infarcted myocardium in patients with ICMP and DCMP. Sympathetic myocardial function was found to be strongly related to hyperaemic perfusion and contractile function. This relation was independent of CMP aetiology, suggesting a common pathogenic pathway.
Sympathetic innervation
The observed [ 11 C]HED retention in remote non-infarcted myocardium in this study was comparable with previous studies using the RI in patients with ICMP and DCMP. 12, 13, 24 Although the present study did not include healthy controls, the [ 11 C]HED retention was markedly reduced compared with previous published data on [ 11 C]HED retention in a control group. 13 In addition, remote with DCMP patients, even in the non-infarcted area specifically. However, non-infarcted remote myocardium was selected based on the absence of wall motion abnormalities using echocardiography, whereas the current study used LGE-CMR allowing a more accurate definition of non-infarcted myocardium. Although all patients suffered from CMP, a considerable variation was observed in 
Myocardial perfusion and innervation
The current study population demonstrated an impaired hyperaemic perfusion and CFR in remote myocardium compared with previously published 
LV function and innervation
The population in the present study was characterized by an impaired LVEF in both ICMP and DCMP groups. Regional LV function in remote myocardium was more preserved in ICMP patients, reflecting the more globally impaired contractility in DCMP, whereas the function impairment in ICMP is predominantly present in the infarct area. [
11 C]HED retention in remote myocardium was correlated with global LV volumes, consistent with the findings from Aoki et al. 27 In addition, a poor correlation between global LVEF and [
11 C]HED retention was found in the total study population as consistently demonstrated in prior studies. 12, 13, 27, 28 However, most studies did not focus on sympathetic innervation in remote myocardium specifically. Regional wall thickening in non-infarcted myocardium was found to correlate with [ 11 C]HED retention predominantly in ICMP patients, whereas no significance was reached in DCMP patients. As previously mentioned, the contractility of remote myocardium in ICMP is relatively preserved compared with DCMP which might explain the observed discrepancy. Consistently, Bengel et al. Furthermore, sympathetic innervation is importantly related to LV remodelling after MI.
9,10
Predictors of sympathetic nerve integrity
The present study showed relations of sympathetic innervation in remote myocardium with LV volumes, wall thickening, resting perfusion, and hyperaemic perfusion. However, hyperaemic perfusion, regional wall thickening, and LVEDV were the only independent predictors for [ 11 C]HED retention in remote myocardium. In particular, hyperaemic MBF demonstrated the strongest relation with [ 11 C]HED retention, suggesting that microvascular dysfunction plays an important role in sympathetic innervation in remote myocardium. Previous studies have demonstrated that impaired hyperaemic perfusion independently predict mortality in patients DCMP and ICMP. 16 -18 Furthermore, a relation was found between ventricular arrhythmia inducibility and impaired hyperaemic MBF, even when assessing in remote non-infarcted areas. 19 Impaired sympathetic innervation related to hyperaemic MBF might contribute to the relation with electrical instability resulting in a higher risk of (sudden) cardiac death.
Limitations
There are several limitations in this study. First, no cause -effect relation between hyperaemic MBF and innervation was established in this study. Consequently, whether impaired hyperaemic MBF is the primary cause of impaired sympathetic innervation in remote myocardium remains unclear. Left ventricular remodelling may affect both hyperaemic MBF and innervation. However, after correction for markers of LV remodelling in a multivariable analysis, hyperaemic Denervation is associated with microvascular dysfunction MBF remained associated with remote innervation. Secondly, comparisons of smaller regions of remote myocardium in each patient might provide additional important correlative information. However, as all imaging data were not exactly aligned, the current study explored the relation of mean innervation and perfusion in the total noninfarcted tissue to minimize the influence of misalignment between CMR, [ 
Conclusion
Hyperaemic MBF is independently associated with cardiac sympathetic innervation in non-infarcted remote myocardium in patients with both ICMP and DCMP. This suggests that microvascular dysfunction might be an important factor related to sympathetic nerve integrity in non-infarcted myocardium. Whether impaired hyperaemic MBF is the primary cause of this relation remains unclear. 
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